Context. We analyse the NGC 2024 Hii region and molecular cloud interface using [
Introduction
NGC 2024 is a well-studied star forming region at a distance of 415 pc (Anthony-Twarog 1982) in the Orion B complex. The source consists of a dense (n ≈ 10 6 cm −3 , Schulz et al. (1991) ), narrow (≈1 ′ ), north-south extended molecular cloud with an embedded Hii region (Krügel et al. 1982; Crutcher et al. 1986; Barnes et al. 1989) , which extends several arcminutes beyond the molecular ridge in the east-west direction. The molecular material in front of the Hii region is seen as a prominent dust lane in the optical. Both OH (Barnes et al. 1989 ) and H 2 CO (Crutcher et al. 1986 ) absorption line measurements relative to the radio continuum indicate that this material is at a radial velocity of v LSR ≈ 9 km/s. The bulk of the molecular gas behind the Hii region is found at v LSR ≈ 11 km/s from observations of e.g. optically thin CO (Mauersberger et al. 1992; Graf et al. 1993; Emprechtinger et al. 2009; Buckle et al. 2010) or HCO + (Richer et al. 1989) lines. In the south of the Hii region, a sharp ionization front delineates the boundary between the ionized and the molecular gas (e.g. MSX data in Watanabe & Mitchell (2008) ). This ionization front is seen edge-on in the south of the Hii region, but probably also extends north in a face-on geometry along both the foreground and the background parts of the cloud.
The velocity dispersion in each of the two main parts of the cloud is small ∆v LSR ≈ 2 km/s, which leads to a conspicuous double-peaked line shape in many molecular emission lines. Detailed modeling of these lines (Graf et al. 1993; Emprechtinger et al. 2009 ) results in H 2 column densities of a few times 10 22 cm −2 for the foreground component and 1-2×10 23 cm −2 for the background component. Gas temperatures are found to be around 70 K in the background and around 30 K in the foreground, with a likely increase near the Hii region interface.
In this Letter, we present [Cii] maps of an area near the ionization front. Our analysis concentrates on the physical properties implied by the strong [
13 Cii] emission detected.
Observations
We observed the 2 P 3/2 → 2 P 1/2 fine structure transition of ionized carbon (C + ) at 1900.5369 GHz (157.7 µm) (Cooksy et al. 1986 ) toward the NGC 2024 (Orion B) molecular cloud. The measurements were made on Nov. 8, 2011 using the German REceiver for Astronomy at Terahertz frequencies (GREAT)
1 . (Heyminck et al. 2012 ) on the Stratospheric Observatory for FarInfrared Astronomy (SOFIA) (Young et al. 2012) .
The receiver noise temperature during the observations was approximately 4000 K (SSB). With a zenith opacity of 0.03-0.07, the system temperature was lower than 4500 K (SSB The measurements were calibrated using the procedure outlined in Guan et al. (2012) . Instead of the main beam efficiency of 0.51 (Heyminck et al. 2012) , we used a value of 0.58 to account for the non-negligible coupling of the first side lobes to an extended source, as derived from a model of the diffraction pattern. A linear baseline was subtracted from each spectrum. Figure 1 shows the measured [Cii] intensity distribution integrated over the velocity interval 5-15 km/s. The emission agrees remarkably well with the 8 µm MSX data (Price et al. 2001; Watanabe & Mitchell 2008) , which traces the UV-heated dust in the interface between the Hii region and the molecular cloud. Only the embedded MSX source just north of the map center is not very prominent in the [Cii] data. The emission peaks along the southern rim of the Hii region, where the interface is seen edge-on in a sharp ionization front.
Results
The intensity distribution does not reflect the distribution of the molecular material located in a roughly north-south elongated molecular ridge -outlined by the FIR peaks in Fig. 1 .
Averaged over a 60 ′′ diameter, we obtain a peak surface brightness of 4.4×10 −3 ergs cm −2 s −1 sr −1 , in reasonable agreement with KAO and ISO data (Jaffe et al. 1994; Giannini et al. 2000) .
With a velocity span of ±100 km/s, the spectra also cover the three hyperfine structure components of the [ 13 Cii] transition (v LSR -offsets −65.2, 11.2, 63.2 km/s (Cooksy et al. 1986 )) (Fig. 3) . If we co-add the velocity ranges [−60,−50] , [19, 25] , and [70, 80] km/s (taking into account the systemic velocity), we find emission with a similar spatial distribution as the main isotope (Fig. 1) .
The [ 13 Cii] emission is only prominent in a crescent-shaped area following the edge-on ionization front, where column densities are highest. The peak emission coincides with the [
12 Cii] emission maximum, but the [
13 Cii] intensity falls off more rapidly, both to the Hii region side (north) and to the molecular cloud side (south). The FWHM of the [
13 Cii] emission zone is ≈1
′ , corresponding to a linear size of ≈0.1 pc.
[ 12 Cii] channel maps
The [Cii] emission is separated into two distinct velocity components, which show up as two peaks in most spectra (Fig. 3) . Fig. 2 presents channel maps of 1 km/s wide velocity bins ranging from 6 km/s to 14 km/s. The maps clearly show the two main velocity peaks, which are predominant throughout most of the source. The low velocity peak dominates the 8-9 km/s panels, the high velocity peak being clearly visible at 11 and 12 km/s. (contours), 6 cm continuum peaks (triangles) (Crutcher et al. 1986 ), 1.3 mm continuum emission clumps FIR2 to FIR6 (squares) (Mezger et al. 1988) , and embedded infrared point sources IRS2 (Grasdalen 1974 ) and IRS3 (Barnes et al. 1989 ′′ . The dashed box outlines the area of strong emission that was used in the analysis of section 4.
The local minimum in the 10 km/s velocity bin around FIR5 coincides with the peak of the integrated intensity map (Fig. 1 ).
There appears to be an anticorrelation between the low velocity peak and the high velocity peak. The relatively high intensities found at 9 km/s west of FIR2 to FIR4 and east of FIR5 correspond to areas of weak emission at 12-13 km/s.
Discussion
For the data analysis, the interpretation of the two velocity peaks of the spectra is crucial. Although the [Cii] peaks -at velocities of ∼8.4 km/s and ∼12 km/s -are slightly offset from the two emission components in the optically thin lines of very rare CO isotopes (9.2 km/s and 11.2 km/s, Graf et al. (1993) ), it seems reasonable to assume that the [Cii] line may also be caused by two emission components and not by self-absorption. The [
13 Cii] measurement allows us to clearly distinguish between these two possibilities. 12 
To obtain a high signal-to-noise spectrum to analyze the isotopic line, we averaged the spectra within a rectangular area encompassing the peak of the [ 13 Cii] emission (marked by a dashed box in Fig. 1 ). The resulting spectrum is shown in Fig. 3 . In Fig. 4 12 Cii] is produced by a warm broad background component shadowed by a narrow cooler foreground component. Explanation a) would imply that there is an error in the rest frequencies of > ∼ 10 MHz, clearly beyond the confidence limits of Cooksy et al. (1986) and in contrast to the good agreement found in recent HIFI measurements toward the Orion bar (Ossenkopf et al. 2011 ). Thus, if we accept the rest frequencies to their published accuracy, we are forced to the conclusion that the [
12 Cii] line profile is caused by self-absorbed strong background emission centered at v LSR ≈ 10 km/s.
Self-absorption in the [ 12 Cii] line offers a quite natural explanation of the anticorrelation observed in the spatial distribution of the two velocity peaks: A velocity shift of the absorbing component with respect to the background component shifts the observed line intensity from one velocity peak to the other.
That the highest contrast between the 10 km/s dip and the 8 km/s and 12 km/s peaks is found in an area of known strong foreground absorption (Crutcher et al. 1986; Barnes et al. 1989 ) also strengthens this interpretation. Radio recombination lines of carbon (Krügel et al. 1982 , and reference therein) are also mostly near 10 km/s.
The discrepancy between the CO velocities and the selfabsorbed [Cii] emission indicates that the simple source model with only two velocity components may underestimate the kinematic complexity of the source.
Fig. 2. [
12 Cii] channel maps of 1 km/s wide velocity channels spaced by 1 km/s. Panels are labeled by their center velocity. The markers denote the positions of the clumps FIR2 to FIR6 (Mezger et al. 1988) . Contour levels are from 10 K km/s to 150 K km/s in steps of 20 K km/s. Figure 4 includes the result of a five-component Gaussian fit to the spectrum. The first two components model the main isotope (fit not shown in Fig. 4) as an emissive and an absorptive component. The remaining three components fit the three hyperfine lines, where the line width is kept fixed and equal to the width of the broad background component. For the two stronger hyperfine components, the velocities are within 0.5 km/s (3 MHz) of the predicted values. The signal-tonoise ratio of the F = 1 → 1 component is too low to make a firm statement. The predicted line strength ratio, however, is not reproduced by our measurement. The (F = 2 → 1)/(F = 1 → 0) intensity ratio should be 1.25, but is found to be 1.9. A similar discrepancy was also found by Ossenkopf et al. (2011) .
Hyperfine line ratios
Obviously it cannot be ruled out that an as yet unknown emission line may coincide with the F = 2 → 1 line, leading to excess emission at this velocity. However, strong spectral lines at these wavelengths are so rare that this seems highly unlikely. At the moment, we can only speculate that the anomalous hyperfine ratio may be due to some non-LTE excitation mechanism, possibly caused by hyperfine-selective radiative pumping by emission lines of the main isotope at shorter wavelengths.
Physical conditions
The integrated intensity in the three hyperfine components adds up to 52 K km/s, which -in the high density limit (n > 3000 cm −3 ) -converts into a column density N( 13 C + ) = 2.6 × 10 17 cm −2 (Crawford et al. 1985) . Assuming standard abundance ratios 2 , this corresponds to N( 12 C + ) = 1.6 × 10 19 cm (Cooksy et al. 1986 Table 1 (Störzer et al. 1996; Röllig et al. 2006 ) of even the most extreme single clumps fall short by about one order of magnitude of reproducing this high line intensity and large column density of ionized carbon. It is plausible that the edge-on geometry of the ionization front may significantly boost the total column density. Thus, an equivalent of ten extreme clumps would be required to model the observed emission. Similarly, in a clumpy PDR model (Cubick et al. 2008) , where the amount of material exposed to UV radiation is drastically higher, the predicted [Cii] emission is much stronger. For instance, a typical model 4 with a total mass within the beam of 1 M ⊙ , a radiation field of χ = 10 3 and an average density of 10 6 cm −3 can produce the observed [ 13 Cii] intensity. These values correspond to a hydrogen column density of ≈10 23 cm −2 , in agreement with the above estimate.
3 Owing to the Rayleigh-Jeans correction, the peak T MB of 125 K (Fig. 4) With the absorption dip reaching down to 53 K (Fig. 4) , the temperature in the foreground gas is limited to T FG ≤ 90 K 5 . The optical depth derived for the foreground gas is τ FG ≥ 1, where the exact value depends on the assumptions made about the temperatures. If we accept an intrinsic main beam brightness temperature of 325 K for the background component, the column density of ionized carbon in the absorbing layer needs to be N(C + ) ≥ 10 18 cm −2 for any gas temperature above 40 K.
Conclusions
We have observed both [ 12 Cii] and [ 13 Cii] emission toward NGC 2024. The spatial distribution of the emission follows the 8 µm continuum emission, tracing the interface between the Hii region and the molecular cloud. The isotopic line emission detected from an area near the ionization front implies that:
-The double-peaked spectrum of the [
12 Cii] line is due to strong background emission absorbed by cooler foreground gas at the same velocity.
-The kinematic signature of the ionized gas differs from that of the molecular gas as traced by rare isotopes of CO. -The total hydrogen column density of warm gas at several hundred Kelvin traced by the [Cii] emission amounts to ≥10 23 cm −2 , suggesting that the interface is highly clumpy. -The strong foreground absorption implies a hydrogen column density ≥10 22 cm −2 of gas at temperatures below 100 K. -The measured intensity ratio of the hyperfine components does not match the theoretical value, suggesting that there is some contribution from a non-LTE excitation effect
